Identification of fibroblast growth factor-8b target genes associated with early and late cell cycle events in breast cancer cells Nilsson 
Introduction
The fibroblast growth factor (FGF) family comprises 22 members of multifunctional polypeptide growth factors that are involved in a variety of processes including embryonic differentiation, mitogenesis, angiogenesis, and wound healing. Recent studies have linked the expression of certain FGFs and FGF receptors to tumorigenesis (Dorkin et al., 1999; Giri et al., 1999; Katoh and Katoh, 2009; Marzioni et al., 2009 ).
Fibroblast growth factor-8 (FGF-8) is expressed at a high level in a large proportion of breast cancers . Experimental data suggests that FGF-8 is associated with development and progression of breast cancer (Mattila and Harkonen, 2007) . Mice over expressing FGF-8 have provided evidence that FGF-8 contributes to mammary gland tumorigenesis (Daphna-Iken et al., 1998) and over expression of FGF-8 in murine S115 cells and human MCF-7 cells leads to increased tumor growth and angiogenesis in nude mice (Mattila et al., 2001; Ruohola et al., 2001) . Our data and the data of others clearly indicate a role for FGF-8 in breast tumorigenesis. However, the mechanisms by which FGF-8 induces transformation are not well characterized.
Alternative splicing of the FGF-8 gene can give rise to eight potential protein isoforms in mouse, FGF-8 a-h, and four isoforms in humans, FGF-8 a, b, e, f (Gemel et al., 1996) . Although isoforms a and e have weak transforming capacity, isoform b is the isoform that has the strongest transforming capacity and also the highest affinity for the FGF receptors (Olsen et al., 2006) and is therefore the isoform of most importance in breast tumorigenesis.
We have previously characterized the pathways associated with FGF-8b-induced proliferation of breast cancer cells. Like many growth factors, FGF-8b stimulates cell cycle progression and proliferation by enhancing cyclin D1 transcription via the ERK/MAPK and PI3K/Akt pathways. Apart from stimulating proliferation, FGF-8b contributes to expansion of breast cancer cell populations by acting as a survival factor (Nilsson et al., 2010) . In this study we aim to clarify the mechanistic action of FGF-8b in the development and progression of breast cancer and accordingly we investigated the transcriptional changes associated with FGF-8b stimulation of estrogen receptor negative S115 mouse breast cancer cells using cDNA microarray analysis.
A large number of differentially expressed genes associated with FGF-8b were identified and analysis of the most differentially expressed genes revealed their involvement in cellular processes such as cell cycle regulation, mitosis, cancer, and cell death. Moreover, the expression of human orthologs of several FGF-8b-regulated genes, such as cyclin B, cyclin A, aurora kinase A, aurora kinase B, Polo-like kinase 1 (Plk1) and Dual specificity phosphates 4 (DUSP4) correlated in a statistically significant way with Nottingham prognostic index (NPI) and estrogen receptor (ER) status in human breast cancers.
Material and methods

Cell culture
Shionogi 115 (S115) mouse mammary tumor cells were maintained in DMEM culture medium (GIBCO, Paisley, UK) supplemented (4%) with heat-inactivated fetal bovine serum (FBS) and 10 nM testosterone (Sigma-Aldrich, St. Louis, MO). For experiments with FGF8b, cells were pre-cultured for 48 h in DMEM supplemented with 4% dextran-charcoal stripped FBS (dcFBS) in order to deprive cells of testosterone and growth factors. The cells were washed twice with PBS and the medium was replaced with containing bovine serum albumin (BSA; 0.2%) and mouse recombinant FGF-8b protein (25 ng/ml; R&D Systems, Abingdon, UK) or PBS vehicle (control). After various time periods of FGF-8b stimulation, cells were harvested for either RNA or protein extraction. Cells were cultured in a humidified incubator at 37 °C in 5% CO 2 .
Oligonucleotide microarrays
Oligonucleotide microarrays were produced at the Swegene DNA Microarray Resource Center, Department of Oncology, Lund University, Sweden. The mouse array-ready oligonucleotide library Version 4.0, containing approximately 35 000 probes, were obtained from Operon (Operon Biotechnologies, Germany). Probes were dissolved in Corning Universal spotting solution (Corning, Acton, MA) and printed on glass slides.
RNA preparation and cDNA synthesis
For cDNA microarray analysis, S115 cells were treated with FGF-8b or PBS vehicle for 1, 3, 6, 12 and 24 h. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) followed by RNA purification on Qiagen RNeasy columns (Qiagen). Sample integrities were assessed on an Agilent 2100 Bioanalyzer (Agilent technologies, Palo Alto, CA). Five μg of total RNA was reverse-transcribed to cDNA using a biotinylated oligo-dT primer with universal PCR sequence. For each time point cDNA samples were prepared in triplicate.
Labeling and cDNA microarray hybridizations
cDNA was fluorescently labeled with Cy3-dCTP and Cy5-dCTP (Amersham Biosciences, Uppsala, Sweden) using the Pronto! Plus Direct Labeling v1.9 kit (Corning Life Sciences, Corning, NY) according to manufacturer's instructions. FGF-8b-treated samples and control samples were labeled with both Cy3 and Cy5 to make dye swap hybridizations.
Differentially labeled cDNA from FGF-8b samples and control samples were combined and dissolved in Pronto! Universal Hybridization Solution (Corning Life Sciences). Hybridization reactions were applied to microarrays and incubated at 42 °C for 18 hours using a water bath.
Fluorescence of the hybridized microarrays was recorded using an Agilent G2565AA microarray scanner (Agilent Technologies).
Microarray and data analysis
Primary hybridization data was collected using GenePix Pro 4.0 software (Axon Instruments, Foster City, CA) and raw data files were uploaded into BioArray Software Environment (BASE) version 1.2.17 (Saal et al., 2002) . In BASE, spots were backgroundcorrected using the median foreground minus the median background signal intensity for both dyes and the fluorescence ratios between FGF-8 treated samples and control samples were calculated. Unreliable features and spots not showing signal-to-noise ratios ≥3, for both channels, were removed. Data was normalized within each array using Lowess curve fitting.
Analysis was restricted to genes present on >80 percent of the arrays after filtering. Gene lists of up-or down regulated genes were created in BASE at FDR<0.01.
Significance analysis of microarrays (SAM) as implemented in MeV v4.1 (Saeed et al., 2003) was used to identify genes with significantly altered expression (FDR<0.01) during the 1-24 h time course. The 400 most significantly altered genes were applied to Ingenuity Pathways Analysis software (IPA; Ingenuity systems Inc., Redwood City, CA) to identify categories and canonical pathways associated with FGF-8b. A cut-off value of less than or equal to a probability score of 0.2 was set as the threshold for selection of genes of interest.
For canonical pathways, P values were calculated by IPA using Fischer's exact test, which is a measure of the probability that the selected genes are associated with a pathway by chance alone.
Validation of gene expression by quantitative PCR
S115 cells were stimulated with FGF-8b as described above and after indicated time periods, total RNA was isolated using Trizol (Invitrogen). Two μg of total RNA was reversetranscribed using First-Strand cDNA Synthesis Kit according to the manufacturer's instructions (GE Healthcare, UK). The resulting cDNA was used as a template for quantitative PCR amplification using DyNAmo SYBR green qPCR Kit (Finnzymes Oy, Finland) under the following conditions: initial denaturation at 95 ºC for 10 min followed by 40 cycles of denaturation at 95 ºC for 30 s, annealing at 56 ºC for 1 min and extension at 72 ºC for 1 min. The mouse and human primers sequences used in qPCR are presented in Supplemental Table 1 . Relative mRNA expression levels were calculated as a ratio to β-actin mRNA levels. Ham's F-12 containing BSA (0.2%) and FGF-8b (25 ng/ml). Cells were harvested for protein expression analysis by western blotting and for cell viability measurements by the trypan blue exclusion assay. Cells transfected with Non-Target plus sicontrol pool were used as a negative control. The statistical differences between treatments were tested using one-way ANOVA followed by Bonferroni's multiple comparison tests. P<0.05 was considered statistically significant.
Western blotting
Cells were washed twice with ice-cold PBS and lysed in ice-cold lysis buffer (Biosource, Camarillo, CA). Proteins were separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes (Millipore Corporation, Bedford, USA) and probed with primary antibodies against BTG2, cyclin D1, cyclin B1 (1:1000; Cell Signaling Technology, Beverly, MA), Plk1 (0.4 μg/ml; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), aurora kinase A (4.6 μg/ml; Abcam, Cambridge, UK) and β-actin (0.5 μg/ml; Sigma, St. Louis, MO). Secondary antibodies used were goat anti-rabbit and goat anti-mouse (Pierce Biotechnology, Inc., Rockford, USA) conjugated with horseradish peroxidase. Antibody binding was visualized using Super Signal West Dura Chemiluminescent Substrate (Pierce Biotechnology).
Immunohistochemistry
Formalin-fixed paraffin-embedded tissue sections of S115-FGF-8b tumors (Mattila et al., 2001 ) and MCF-7-FGF-8b tumors were deparaffinized with xylene and rehydrated through a graded series of ethanol and a final wash in distilled water. To inhibit endogenous peroxidase activity, the sections were incubated with 3% hydrogen peroxide in methanol for 10 minutes. They were then rinsed three times in distilled water.
Antigen retrieval was achieved with immersion in Tris/EDTA (10mM Tris Base, 1mM EDTA, pH 9.0) and heated in a microwave oven for 15 minutes. The slides were left to cool for 20 minutes before being washed with PBS and 0.1% Tween-20 (PBST). Sections were blocked with 1% BSA in PBST containing 10% normal serum for 30 minutes and then incubated with aurora kinase A (2.3 μg/ml; Abcam) antibodies in 1% BSA-PBST at 4ºC overnight. The slides were rinsed three times in PBST followed by 30 minutes' incubation with biotinylated anti-rabbit IgG or anti-goat IgG (3.8 μg/ml; Vector Laboratories, USA).
They were rinsed three times in PBST and labeled by using a Vectastain ABC Kit (Vector Laboratories) according to the manufacturer's instructions. After three rinses in PBS, antibody binding was visualized by incubating the sections in 3,3'-diaminobenzidine (DAB Kit, Vector Laboratories) for 3-5 minutes. The slides were rinsed in distilled water and thereafter in tap water. All sections were counterstained with haematoxylin and coverslipped with Mountex mounting medium (Histolab, Sweden). The sections were viewed and analyzed using a x40 objective on an Olympus IX70 microscope equipped with an Olympus DP70 digital camera.
Analyses of mitotic and micronuclei indices and duration of cell division
S115 cells were cultured in 96-well plates as indicated above. The cells were either stimulated with FGF-8b or grown without the growth factor. The cells in the 96-well plates were monitored using incucyte imaging system (Essen Instruments, Welwyn Garden City, UK) for a total of 96 hours by taking still images at 10-60 min intervals pending of the experiment. Time-lapse films were built of the still images and the duration of mitosis was determined as averages from pools of 30 mitotic cells per each assay condition in three replicates. In this study, duration of mitosis was defined as the time from nuclear envelope breakdown to end of telophase. The mitotic indices were determined from the same cell populations cultured in various growth conditions by calculating the frequency of M phase cells within a population of 1000 cells per assays condition in three replicates. In a separate set of assays the frequency of micronuclei was determined using fixed and DNA stained cell populations grown in various culture conditions. In short, the cells grown in 96-well plates were fixed with 4% paraformaldehyde for 7 min at RT prior to permeabilisation (1%BSA + 0,5 % Triton x-100) for 30 min at RT. The DNA was stained using DAPI and the frequency of micronuclei was calculated using Olympus ScanR microscope with a 20 x objective equipped with Hamamatsu ORCA-ER CCD camera. The micronucleus results are average from three replicate samples each having a total of 1000 cells analysed.
Statistical analysis of TRANSBIG data
Microarray data for TRANSBIG breast cancer tumors (Desmedt et al., 2007) was retrieved from GEO-database (GSE7390). The series represents samples from 198 lymph node-negative breast cancer patients. In short, samples were hybridized onto Affymetrix Human Genome U133A Array, and data was processed and normalized using MAS 5.0 algorithms as reported in the GEO database. Data analysis and visualization of GSE7390 data was performed using the statistical programming language R (version 2.9.1) (Team, 2009) , and its specific package collection for bioinformatics Bioconductor (version 2.4.1) (Gentleman et al., 2004) . Every analysis was made using the log2-transformed data. Selected mouse genes were mapped to U133A human gene probe sets using HomoloGene database. A total of 592 probe sets from U133A array were identified as orthologs and used in future analysis. Data from 592 probe sets and 198 tumor samples were clustered with hierarchical clustering using Euclidian metrics and complete linkage clustering algorithm. Gene sets showing differential expression between two main patient clusters were selected for further analysis.
Expression of selected genes and the Nottingham prognostic index (NPI) values as well
as the estrogen receptor (ER) status of the tumors were visualized using box plots, each box presenting the distribution of expression values for a given NPI range. NPI is a clinicopathological classification system based on tumor size, histological grade and lymph node status used for breast cancer prognostication (Balslev et al., 1994; Elston and Ellis, 1991; Galea et al., 1992; Sauerbrei et al., 1997; Todd et al., 1987) . Patients with NPI ≤ 3.4 are considered to have a good prognosis, patients with 3.4 < NPI ≤ 5.4 a moderate prognosis and patients with NPI > 5.4 are considered to have a poor prognosis (Todd et al., 1987) .
ER status is another important prognostic factor for breast cancer patients. Patients with ER expressing (ER positive) tumors generally have a more favorable outcome than patients with non-or low-expressing (ER negative) tumors. The difference of mean gene expression between the categorized NPI values and between ER negativity and positivity was tested using analysis of variance (ANOVA) and Student´s t test, respectively. Additionally, the correlation between the expression of individual genes and NPI values was calculated using Pearson's product-moment correlation coefficient and the statistical significance was tested using Fisher's Z transform.
Results
Genes up regulated and down regulated by FGF-8b
Using the normalized data from the cDNA microarrays, gene lists were generated in BASE 2.14.1 for up-and down regulated genes in breast cancer cells treated with FGF-8b for 1, 3, 6, 12, and 24 h, in comparison with untreated cells. Significance was assigned using a False Discovery Rate (FDR) threshold of 1%. Cells treated with FGF-8b for 1 hour generated a data set of 4 significantly up regulated genes and 5 down regulated genes (Supplemental Table 2 ). Three hours of FGF-8b treatment generated 76 up regulated genes and 21 down regulated genes and 6 hours of FGF-8b treatment generated 40 up regulated genes and 34 down regulated genes. Twelve hours of FGF-8b treatment resulted in a larger set of differentially expressed genes: 76 up regulated genes and 80 down regulated genes, and 24 h generated the largest number of differentially expressed genes: 209 up regulated genes and 169 down regulated genes.
FGF-8b target genes regulate cell cycle, cancer and cell death.
After identifying the most up and down regulated genes following FGF-8b treatment at single time points, we performed a significance analysis of microarrays (SAM) to identify genes with significantly altered expression during the 1-24 hour time course, taking all time points into account. The 20 most significantly altered genes are presented in Table 1 . To understand the function of the FGF-8b-regulated genes and their roles in biological processes we used the 400 most significantly altered genes (Supplemental Table 3 ) derived from SAM and applied them to Ingenuity Pathway Analysis (IPA). The IPA identified 60 categories associated with FGF-8b-regulated genes with P values less than 0.01 (Supplemental Table 4 ).
The five highest ranked categories, which are shown in Table 2 , indicate that the FGF-8b-regulated genes are primarily involved in cell cycle, cancer, cellular growth and proliferation, cell death, and tumor morphology.
The IPA also identified eleven canonical pathways associated with FGF-8b-regulated genes with P values less than 0.01. Table 3 
Validation of gene expression microarray data in S115 and MCF-7 cells by quantitative PCR.
As a result of the above analysis we found a number of particularly interesting genes which we chose for further investigation in regard to FGF-8b regulation. Figure 1a shows the relative gene expression of Btg2, cyclin D1, cyclin B1, Plk1, aurora kinase A and Dusp4, as measured by the cDNA microarrays. The data of the microarrays were validated by measuring mRNA levels in FGF-8b treated S115 cells (Figure 1b ) using qPCR. We further validated the microarray data by performing qPCR analysis on FGF-8b-treated MCF-7 human breast cancer cells (Figure 1c) . Although the time and the magnitude of expression differ between the analyses, the expression pattern of the target genes identified in the microarray is largely replicated in the qPCR data derived from both S115 and MCF-7 cells. Btg2 expression is down regulated 3-6 hours after FGF-8b while cyclin D1 and Dusp4 gene expression is highly up regulated at 3 hours and onwards, peaking at 6-12 hours after FGF-8b addition. Cyclin B1, Plk1 and aurora kinase A gene expression levels rise moderately in response to FGF-8b and only at 12-24 hours after growth factor addition.
Validation of gene expression microarray data at protein level.
FGF-8b regulation was further analyzed at the protein level for BTG2, cyclin D1 cyclin B1, Plk1, aurora kinase A and Dusp4 in S115 cells. In agreement with increased mRNA levels caused by FGF-8b treatment, cyclin D1, cyclin B1, Plk1 and aurora kinase A protein levels were considerably increased by FGF-8b at both 12 and 24 hours (Fig. 2a) . Knocking down cyclin D1, which we previously identified as an FGF-8b target gene (Nilsson et al., 2010) , decreased but did not abolish the effect of FGF-8b on cyclin B1 and aurora kinase A protein levels at the 12 hour time point. At 24 h, cyclin D1-silencing did not influence the effect of FGF-8b on cyclin B1 and aurora kinase A protein levels. Plk1 induction by FGF-8b was however blocked in cyclin D1-silenced cells. No obvious regulation by either FGF-8b or cyclin D1 was detected in BTG2 protein expression at the measured time points. Dusp4 protein was expressed at high levels in S115 cells, but no regulation by FGF-8b was detected (data not shown).
Aurora kinase A, which is critically involved in regulation of mitosis, particularly in the formation of the mitotic spindle, was also studied by immunohistochemistry in nude mouse tumors formed by FGF-8b-and mock-transfected S115 and MCF-7 cells previously produced in our group (Mattila et al., 2001; Ruohola et al., 2001) . Aurora kinase A immunoreactivity was primarily located in the nucleus, however, cytoplasmic localization of aurora kinase A was also observed in both S115 and MCF-7 tumors (Fig 2b) . The number of cells staining positively for aurora kinase A in S115-FGF-8b tumors (upper right panel) was higher than in S115-mock tumors (upper left panel). Similarly, FGF-8b increased aurora kinase A immunostaining in MCF-7 tumors (lower right panel), although the difference between them and control tumors (lower left panel) was not as obvious as for S115 tumors.
Examination of the mitotic progression and fidelity upon FGF-8b stimulation
To determine whether FGF-8b stimulation causes M phase delay in short term culture we calculated the mitotic indices and analyzed the duration of cell division in FGF-8b stimulated and control populations of mouse S115 cells. The treatment of S115 cells with FGF-8b caused a significant threefold (P=0.008) increase in the mitotic index when compared to the non-stimulated cells (Figure 3a) . The average mitotic index was 6.6 ± 0.6% in the FGF8b treated cell populations versus 2.3 ± 0.1% in the non-stimulated control populations. To exclude the possibility that the observed elevation of mitotic index in the FGF-8b treated cells is not due to an M phase delay we measured the average duration of cell division in S115 cells grown in the presence or absence of FGF-8b. The average length of mitosis was very similar in both cell populations ( Figure 3b) ; 76 ± 12 min in the FGF-8b treated cell populations and 69 ± 14 min in the non-stimulated control cell populations (P=0.063). These results strengthen the notion that FGF-8b treatment triggers the cell cycle progression in the S115 cells indicated by the increased mitotic index but on the other hand does not cause accumulation of cells into M phase or delays in average duration of cell division.
Next we wanted to examine if the FGF-8b treatment has an effect on the mitotic fidelity.
To this end, we determined the frequency of micronuclei in the FGF-8b and control cell populations. Micronuclei are small round DNA-stain positive cytoplasmic bodies near the main nucleus of a divided cell. Micronuclei can contain either acentric chromosome fragment(s) or whole chromosome(s) depending on the mitotic error the mother cell experienced. No statistical difference was observed in the micronuclei frequency between the FGF-8b and control cell populations (P=0.155) proposing the cells undergo an error-free mitosis in both growth conditions (Figure 3c ).
Silencing of FGF-8b target genes reduces FGF-8b-induced cell proliferation.
Next we wanted to determine whether silencing FGF-8b target genes affects FGF-8b-regulated cell proliferation and cell death. In previous work we showed that silencing cyclin D1 expression with siRNA reduces FGF-8b-induced proliferation in S115 cells (Nilsson et al., 2010) . Similarly, silencing Btg2 and Aurora kinase A with siRNA ( Figure 4a Previously we also showed that FGF-8b promotes survival of S115 cells (Nilsson et al., 2010) . To determine whether cyclin D1 is also critical for FGF-8b promotion of S115 cell survival we studied the ability of FGF-8b to rescue cyclin D1-siRNA-treated cells (Figure 4c is not involved in the mechanisms mediating FGF-8b effects on cell survival.
Correlation between NPI and ER status in human breast cancers and expression of FGF8b-regulated genes.
Using the 400 most significantly altered genes from our microarray analysis, as determined by SAM, 592 human orthologous probes were identified. Gene expression data of the 592 probes and Nottingham prognostic index (NPI) of 198 human breast cancer samples (Desmedt et al., 2007) were clustered. According to NPI two main patient clusters (high and low) were formed. A high NPI is associated with poor prognosis (Todd et al., 1987) . Three gene sets that showed clearly different gene expression patterns in the two main patient clusters were selected for further study (Supplemental Figure 2) . Mean expression of the genes in the three gene sets (A-C) according to different NPI categories are shown in Figure   4a -c (left panels) as box plots. The genes belonging to each gene set are indicated below the box plot. The genes of each gene set are also shown in Supplemental Table 5 with their corresponding P-value and correlation coefficient. The difference between the mean gene expression values of the groups of categorized NPI values was statistically significant (P<0.001). Also, the correlation between the expression and NPI value was statistically significant for individual genes in each of the three clusters (P<0.001). Gene expression levels of the genes in cluster A and B (Supplemental Table 5 and Fig. 5a and b, left panels) correlate positively with NPI value, whereas those in cluster C correlate negatively (Supplemental Table 5 and Fig. 5c , left panel). Gene expression levels of the genes in the three clusters were also correlated with estrogen receptor (ER) status. High expression of the genes in cluster A and B correlated significantly with ER negativity whereas high expression level of the genes of cluster C correlated significantly with ER positivity (Figure 5a-c, right panels) . The correlation between the expression and ER status was statistically significant also for individual genes in each of the three clusters (P<0.001).
Discussion
Fibroblast growth factor (FGF)-8 is expressed at an increased level in a high proportion of breast cancers . In in vitro and in vivo breast cancer models, FGF-8 promotes proliferation, invasion and angiogenesis (Daphna-Iken et al., 1998; Mattila et al., 2001; Ruohola et al., 2001 ). However, little is known about the mechanistic role of FGF-8 in these processes. Here, we have undertaken gene expression profiling of S115 breast cancer cells treated with FGF-8b, from 1 to 24 hours, as a model for FGF-8-regulated breast cancer cells.
Our cDNA microarray analysis revealed a large number of significantly up-and down regulated genes in response to FGF-8b at all treatment times. In agreement with the role of FGF-8b as a mitogen, several of the most up regulated genes (e.g. epithelial membrane protein 1 (Emp1), Dusp4 and cyclin D) are proteins associated with proliferation and tumorigenesis (Bartkova et al., 1994; Hippo et al., 2001; Wang et al., 2003; Wang et al., 1994) . Correspondingly, antiproliferative genes such as Btg2 and genes with tumor suppressor functions such as Fibroblast growth factor 2 (FGFR2) (Eswarakumar et al., 2005) and Thrombospondin-1 (TSP-1) (Bleuel et al., 1999; Castle et al., 1997) were down regulated in response to FGF-8b (Supplemental table 2 is a large glycoprotein secreted by various cell types. In normal mammalian tissue TSP-1 is a natural occurring angiogenic inhibitor which helps to maintain the normal quiescent vasculature (Bouck et al., 1996; Good et al., 1990; Hanahan and Folkman, 1996) . Because of its antiangiogenic properties, overexpression of TSP-1 slows tumor growth in various experimental mouse models including breast cancer (Bleuel et al., 1999; Castle et al., 1997; Weinstat-Saslow et al., 1994; Volpert et al., 1998) . Suppression of TSP-1 mRNA and protein in response to FGF-8b in breast cancer cells has also been shown in a previous study by our group (Mattila et al., 2006) which strengthens the finding of this study. Down regulation of genes with tumor suppressor functions such as TSP-1 and FGFR2 further supports a proliferative and tumorigenic function of FGF-8b.
Using the statistically most significant differentially regulated genes in a significance analysis of microarrays (SAM), the FGF-8b-regulated genes were arranged to functional categories and signaling pathways. The most significant FGF-8b-regulated genes were involved in categories and pathways related to cell cycle regulation, mitosis, cancer and cell death. Based on the results of the above analyses we chose six FGF-8b-regulated genes (Btg2, cyclin D1, cyclin B1, Plk1, aurora kinase A and Dusp4) for further analysis. The microarray data showed moderate to strong induction of cyclin D1, cyclin B1, Plk1, aurora kinase A and Cyclin D1, cyclin B1, Plk1 and aurora kinase A also exhibited increased protein expression levels in response to FGF-8b.
Among the selected FGF-8b target genes Dual specificity phosphatase 4 (Dusp4) was the gene most up regulated by FGF-8b. Dusp4 belongs to the dual specificity phosphates (Dusp) subfamily which members are negative regulators of the mitogen activated protein (MAP) kinases MAPK/ERK, SAPK/JNK and p38 (Jeffrey et al., 2007) . The strong upregulation of Dusp4 by FGF-8b at mRNA level in S115 and MCF-7 cells is likely a result of counterregulation of FGF-8b-induced activation of MAP kinases, in particular ERK1/2. As we did not observe regulation by FGF-8b at protein level, Dusp4 was not studied further experimentally. Although DUSP4 is often over expressed in breast cancer (Wang et al., 2003) , we found its gene expression to correlate with ER positivity and inversely to poor prognosis (NPI) in a human breast cancer cohort (TRANSBIG).
Another gene strongly up regulated by FGF-8b was cyclin D1. Cyclin D1 plays a key role in the regulation of G1 to S phase progression of the cell cycle. It has also important cyclin-dependent kinase (CDK) -independent actions in cells through interactions with several transcription factors (Musgrove et al., 2011) . Cyclin D1 is one of the most commonly overexpressed oncogenes in primary breast cancer, with overexpression in approximately 50% of the cases (Bartkova et al., 1994) . Here we show that FGF-8b, similar to many other growth factors, enhances cyclin D1 transcript and protein in breast cancer cells. Furthermore, previous results from our laboratory show that blocking cyclin D1 reduces FGF-8b-stimulated proliferation (Nilsson et al., 2010) . These findings indicate that cyclin D1 is a central actor in FGF-8b-mediated breast cancer cell growth and this prompted us to study whether silencing cyclin D1 influences the expression of the other selected FGF-8b-targets.
Silencing cyclin D1 decreased FGF-8b stimulation of expression of cyclin B1, Plk1 and aurora kinase A but interestingly, it did not affect expression of B-cell translocation gene 2 (Btg2). Btg2 belongs to the BTG/Tob family which in mammals comprises six proteins that regulate cell cycle progression (Winkler, 2010) . BTG2 controls G1 to S phase progression negatively by direct inhibition of cyclin D1 transcription (Guardavaccaro et al., 2000) .
Considering this, it is likely that induction of cyclin D1 by FGF-8b is a result of FGF-8b-mediated Btg2 repression. As one could expect, silencing of Btg2 in S115 cells increased the total cell number, although not significantly. Interestingly however, the mitogenic effect of FGF-8b was almost abolished in Btg2-silenced cells. This suggests that proper Btg2 expression is required for FGF-8b-mediated stimulation of proliferation. A loss of nuclear BTG2 expression is observed in ERα positive human breast tumors (Kawakubo et al., 2006) , and an inverse correlation between breast tumor size and BTG2 expression has also been demonstrated (Kawakubo et al., 2006) . BTG2 mRNA levels have been shown to be decreased by E2 and progestins in MCF-7 and T-47D breast cancer cells, respectively (Kawakubo et al., 2004) . To the best of our knowledge this is however the first report on FGF-mediated repression of Btg2.
The late induction (12-24 hours after FGF-8b stimulation) of cyclin B1, Plk1 and aurora kinase A transcripts in S115 and MCF-7 cells is in accordance with the role of these genes as regulators of mitosis, which is a late event of the cell cycle. Cyclin B1, in complexes with cyclin dependent kinase 1 (cdk1), regulates early events of mitosis such as chromosome condensation, nuclear envelope breakdown and spindle pole assembly. Nuclear translocation of cyclin B1 has long been thought to be dependent on its phosphorylation by Plk1 (Toyoshima-Morimoto et al., 2001) . Recent data suggest however that the nuclear import of cyclin B1 does not require Plk1 (Gavet and Pines, 2010) . Plk1 belongs to the Polo like kinase family which in human has five identified members with roles in cell division. Plk1 and aurora kinases (aurora kinase A, aurora kinase B and aurora kinase C) co-regulate multiple processes in the dividing cell, such as entry into mitosis, mitotic spindle formation, sister chromatid resolution, chromosome-spindle connections and cytokinesis (reviewed in (Lens et al., 2010) ). Here, we identified particularly Plk1 and aurora kinase A as FGF-8b targets. Both kinases are overexpressed in a large number of human tumors including breast cancer, and for most tumor types overexpression is associated with poor prognosis (Otto et al., 2009; Schvartzman et al., 2010; Strebhardt and Ullrich, 2006; Zhang et al., 2004; Zhang et al., 2008) . Silencing cyclin D1 in S115 cells abolished the inducing effect of FGF-8b (at 12 h) on Plk1 and reduced it on cyclin B1 and aurora kinase A protein suggesting that their induction by FGF-8b is dependent on or affected by cyclin D1. At a later time point (24 h) cyclin D1-silencing did not influence the effect of FGF-8b on cyclin B1 and aurora kinase A protein levels. This may be explained by usage of alternative pathways to obtain induction of cyclin B1 and aurora kinase A in the absence of cyclin D1. The role of cyclin D1 may be overtaken by cyclin D2 and/or cyclin D3 as D-type cyclins appear to have distinct, but overlapping functions (Lahti et al., 1997) .
Silencing aurora kinase A in S115 cells significantly reduced elevation of the total cell number upon FGF-8b stimulation of the cells but did not block the FGF-8b-induced proliferation completely. This suggests that aurora kinase A plays an important role in FGF8b-mediated cell proliferation but in its absence, proteins with redundant functions can overtake its actions. Plk1 might be one such protein as Aurora kinase A and Plk1 are shown to have redundant functions in activation of Cdk1 to promote entry into mitosis (Van Horn et al., 2010) .
The evidence of aurora kinase A as a clinically important oncogene prompted us to explore the association between aurora kinase A and FGF-8b further. In S115 and MCF-7 tumors over expressing FGF-8b we found enhanced aurora kinase A immunoreactivity compared to tumors formed by mock-transfected cells. These results are in agreement with the enhanced mRNA and protein levels seen in FGF-8b-treated breast cancer cells and altogether our results suggest a strong association between aurora kinase A and FGF-8b. As reported earlier (Kimura et al., 1997; Sen et al., 1997) , we found high levels of PLK1, aurora kinase A as well as aurora kinase B expression in human breast cancer specimens to correlate with poor prognosis. Furthermore, in a correlation with ER status we found their expression to correlate with ER negativity and this finding coincides with the fact that patients with ER negative breast tumors in general have a less favorable outcome than patients with ER positive breast tumors. The identification of these kinases as FGF-8b target genes is of great importance as they appear to be promising targets for anticancer therapy. Currently a large number of inhibitors of PLK1, aurora kinase A and aurora kinase B are being evaluated in Phase I and Phase II trials (reviewed in Lens et al., 2010) .
Analyses of mitotic progression and fidelity of cell division in the FGF-8b treated cell population indicated an elevated mitotic index in comparison to the non-stimulated cell population. This was likely due to the entry of cells into the cell cycle from the starvation culture conditions. Importantly, no obvious cell division errors were observed during short term cultures of the FGF-8b treated cells as the length of mitosis was comparable to the controls and the frequency of micronuclei was very low upon FGF-8b stimulation. Indirectly this proposes that the altered expression of FGF-8b target genes does not cause cell division defects during short term cultures. We however cannot exclude the possibility that the frequency of cell cycle/mitotic anomalies may increase in time when the cells have undergone more rounds of cell cycle after the FGF-8b stimulation. It is also important to note that aneuploidy caused by mitotic error can act both oncogenically and as a tumor suppressor depending on the level of induced cell division mistakes as well as the genetic background of the cells. Typically low rates of aneuploidy are associated with tumorigenesis while high rates of aneuploidy cause cell death and tumor suppression (Weaver and Cleveland, 2008; Weaver et al., 2007) .
In a previous study (Nilsson et al., 2010) we showed that FGF-8b promotes cell cycle progression by signaling through the FGFR-Ras/MAPK and PI3K pathways and inducing transcription of D-type cyclins. Here, we extended our study on the mechanistic action of FGF-8b in tumorigenesis by performing a gene expression profiling of FGF-8b-treated breast cancer. The gene expression profiling revealed several differentially expressed genes in response to FGF-8b, which correlate with prognosis in human breast cancer. The most significantly up-and down regulated genes were related to cell cycle regulation, mitosis, cancer growth and cell death. We have provided evidence for FGF-8b-mediated down regulation of antiproliferative Btg2 which facilitates transcription of D-type cyclins. We also confirmed our previous findings on FGF-8b-mediated down regulation of TSP-1 and FGFR2 which potentially contributes to tumorigenesis. Furthermore, besides early cell cycle regulators, we found FGF-8b to induce expression of late cell cycle phase genes that are critical for G2/M phase progression and completion of mitosis (e.g. cyclin B1, Plks and aurora kinases). We suggest an indirect regulation, mainly via cyclin D1, of these genes by FGF-8b.
In summary, this study demonstrates that besides stimulation of proliferation, FGF-8b contributes to tumorigenesis by repressing the expression of antiproliferative genes and indirectly by up regulating genes important for proper chromosomal segregation and cytokinesis. The FGF-8b-regulated genes identified in the study may thus provide therapeutic targets for FGF-8b-over expressing breast cancers. Relative mRNA expression of Btg2, cyclin D1, cyclin B1, Plk1, aurora kinase A and Dusp4 in S115 cells as measured by (a) cDNA microarrays and (b) qPCR. c) Relative mRNA expression in MCF-7 cells measured by qPCR. Total RNA was extracted from S115 cells treated with FGF-8b for 1, 3, 6, 12, and 24 hours. RNA was converted to cDNA which then were used for cDNA microarray analysis and quantitative PCR analysis, respectively. Data are shown as fold change by FGF-8b as compared to control. * in Figure a indicates FDR<0.05. FIGURE 2. FGF-8b regulation of BTG2, cyclin D1, cyclin B1, Plk1 and aurora kinase A protein. (a) S115 cells were treated with siRNA targeting cyclin D1 followed by FGF-8b treatment for 12 and 24 hours. Total protein was isolated, subjected to SDS-PAGE and probed with antibodies against BTG2, cyclin D1, cyclin B1, Plk1, aurora kinase A and β-actin. (b) S115 and MCF-7 cells either mock-transfected or over expressing FGF-8b were grown subcutaneously as nude mouse tumors. Sections of formalin-fixed paraffin embedded S115-mock, S115-FGF-8b, MCF-7-mock and MCF-7-FGF-8b tumors were immunostained for aurora kinase A. Scale bar, 50 μm. After additional 48 h the number of viable cells was counted using the trypan blue exclusion method. c, right panel) 24 h after siRNA transfection cyclin D1-silenced cells were simultaneously treated with staurosporine (STS) and FGF-8b. Cell survival promoted by FGF-8b was measured using the trypan blue exclusion method. The statistical differences were tested using one-way ANOVA followed by Bonferroni's multiple comparison test. Bars marked with the same letter do not differ significantly (P<0.05). 
